Abstract Although increasing concentrations of atmospheric CO 2 are predicted to have substantial impacts on plant growth and functioning of ecosystems, there is insufficient understanding of the responses of belowground processes to such increases. We investigated the effects of different dark septate root endophytic (DSE) fungi on growth and nutrient acquisition by Pinus Under elevated CO 2 , the biomass of seedlings inoculated with DSE fungi was on average 17% higher than in control seedlings. Simultaneously, below-ground respiration doubled or trebled, and as a consequence carbon use efficiency by the DSE fungi significantly decreased. Shoot N concentration decreased on average by 57% under elevated CO 2 and was lowest in seedlings inoculated with S. vaccinii. Carbon gain by the seedlings despite reduced shoot N concentration indicates that DSE fungi increase plant nutrient use efficiency and are therefore more beneficial to the plant under elevated CO 2 .
Introduction
The rising level of atmospheric CO 2 is predicted to have substantial impacts on plant growth and the functioning of ecosystems. Predicting plant response to increasing CO 2 will require more detailed data concerning dynamics of roots and microbial populations (Phillips 2007; Alberton et al. 2005; Heinemeyer et al. 2007; Alberton and Kuyper 2009) .
Roots of a very large number of plant species are regularly colonized by a group of ascomycete fungi with usually dark-pigmented (melanized) septate hyphae (Mandyam and Jumpponen 2005; Sieber and Grünig 2006) . These fungi are now referred to as dark septate root endophytic (DSE) fungi; in former times they were also known under the collective name Mycelium radicis atrovirens (MRA) and as pseudomycorrhizal fungi (Summerbell 2005a) . DSE fungi constitute a polyphyletic assemblage, with most species belonging to the Leotiomycetes (Kernaghan et al. 2003; Hambleton and Sigler 2005; Wang et al. 2006) . DSE fungi exhibit a very broad host range. A review by Jumpponen and Trappe (1998a) reported that close to 600 plant species from more than 110 families across the world are hosts to DSE fungi. DSE fungi occur and co-occur in plants that are also able to form arbuscular, orchid, ericoid and ectomycorrhizal (ECM) associations. Summerbell (2005b) noted that DSE fungi often co-occur with healthy ectomycorrhizas, although they are also common on nonmycorrhizal tree roots (Ahlich and Sieber 1996) . Read and Haselwandter (1981) suggested that DSE fungi often replace arbuscular mycorrhizal (AM) and ECM fungi in arctic and alpine ecosystems, however Ruotsalainen (2003) failed to confirm this pattern in northern Finland. Postma et al. (2007) suggested that DSE fungi replace AM fungi at very low pH. Their occurrence on tree seedlings (Horton et al. 1998) and in the earliest stages of primary succession (Jumpponen 2003; Cázares et al. 2005 ) has been mentioned, but DSE fungi can be equally abundant on mature trees (Ahlich and Sieber 1996) .
Despite their almost ubiquitous occurrence, the behavior of DSE fungi on plant roots, and hence their impact on plant performance and fitness, are poorly understood. Wilcox and Wang (1987) indicated pathological (parasitic) behavior on tree seedlings at low pH, as shown by reduced performance of the host plant. The abundance of DSE fungi in healthylooking roots, however, suggests that they are unlikely to be primary pathogens (Sieber and Grünig 2006) . In line with that suggestion, many studies (summarized in Mandyam and Jumpponen 2005) indicated that DSE fungi could improve plant performance (improved nutrient uptake, increased tolerance against root pathogens, improved ability to withstand adverse environmental conditions).
Associations with DSE fungi share with mycorrhizal associations that they span the continuum from mildly antagonistic to mutualistic interactions (Johnson et al. 1997; Jumpponen 2001 ). In the case of DSE fungi, it is not known to what extent such differences in behavior are context-dependent, being influenced by the availability of plant C on the one hand and external nutrients on the other hand Trappe 1998a,1998b; Jumpponen 2001) . Different outcomes of experiments with DSE fungi on host plants can also be due to differences among various fungal species. Sieber and Grünig (2006) suggested that elevated CO 2 as a consequence of burning fossil fuels and land use change could affect functioning of DSE fungi, but noted that nothing was known about the direction and magnitude of effects. The objectives of our study were therefore to determine plant biomass (C gain) and nutrient acquisition (N gain) by Scots pine (Pinus sylvestris) seedlings in association with different DSE species under low N availability and at ambient and elevated CO 2 .
Materials and methods

Plant, fungi and substrate
Around 1200 (10 g) seeds of Scots pine, purchased from PVM (Grubbenvorst, The Netherlands), were soaked overnight in a 200 ml beaker containing demineralized water, and then surface-sterilized during 30 min in a 200 ml beaker containing 30% H 2 O 2 -solution and a drop of Tween 20. Around 700 surface-sterilized seeds were germinated in Petri dishes (Ø 14.5 cm), in a horizontal position, on sterile water agar containing 5 g glucose l −1 . Germination was around 80 %. After three weeks, 96 visually equal-sized seedlings were transferred to 96 Petri dishes (Ø 14.5 cm), in a vertical position, filled with 50 g dry weight of a wet-sterilized (1 h at 110°C) peatvermiculite mixture (2:5, w/w). Each seedling was inoculated around the root system with 12 plugs of actively growing mycelium of one of the following DSE fungal species: Phialocephala fortinii (two strains), Cadophora finlandica, Chloridium paucisporum, Scytalidium vaccinii, Meliniomyces variabilis, M. vraolstadiae, or uninoculated (See Table S1 for further details on fungal species). The uninoculated controls also received around the root system 12 plugs with uncolonized agar. The Petri dishes were hermetically sealed with parafilm and tape, covered with aluminum foil, but contained two lateral openings on the top. One opening allowed the shoot to grow out of the dish using lanolin for sealing, while the other opening could be instantaneously opened in the flow hood for addition of nutrient solution and prevention of anoxia in the root compartment, after which it was closed again with parafilm and tape. The peat-vermiculite mixture contained 29.9 mg available mineral N kg N during the final four weeks allowed us to separate the net effect over the full experimental period (125 days) from the effect over the final 27 days. In total, 11.8 mg of N and 38.8 mg of P were added to each Petri dish. Addition of the MMN-solution to the experimental system and the set up of the below-ground respiration trap were done as described by Alberton et al. (2007) .
Plant growth and experimental conditions
The seedlings were placed into two growth chambers (one for each CO 2 level) with a steady flow of either 350 or 700µl CO 2 l −1 . A previous study, where the seedlings were placed into four growth chambers (two for each CO 2 level), showed no differences between both growth chambers for each CO 2 level (Alberton et al. 2007) , and for that reason we used only two growth chambers. Temperature was maintained at 20°C during the day (16 h, photosynthetic photon fluence rate (PPFR) of 250µmol m −2 s −1
) and at 16°C during the night (8 h), and relative humidity was kept around 70%. The Petri dishes were randomized every two weeks within each growth chamber. After 98 days, the treatments under ambient CO 2 were transferred to an Experimental Soil Plant Atmosphere System (ESPAS; Gorissen et al. 1996) and treatments under elevated CO 2 to another ESPAS compartment. The ESPAS facility consists of closed and sealed growth chambers with controlled condition of light, humidity, temperature and CO 2 availability. The seedlings were exposed to 14 CO 2 atmosphere (specific radioactivity 0.88± 0.1 kBq mg −1 C) supplied from a pressurized cylinder for an additional 27 days. This labeling of 14 C during the final four weeks allowed us to separate the net effect over the full experimental period (125 days) from the effect over the final 27 days. Growth conditions (temperature, relative humidity and CO 2 levels) in the ESPAS were equal to the growth chambers, except for PPFR, which was 375µmol m −2 s −1
.
Analyses
Seedlings were harvested 27 days after 14 C and 15 Nlabeling started. Plants were removed from Petri dishes; shoots, roots and the peat-vermiculite mixture were separated and weighed; dried at 70°C for 48 h and weighed again. A subsample of fresh roots and the peat-vermiculite mixture from each replicate was used to estimate fractional colonization by DSE fungi and extraradical hyphal length. The same conversion from fresh weight to dry weight was used for the subsamples. The dried fractions were subsequently ground and analyzed for 14 C content with the modified wet combustion method (Dalal 1979) . Plant material (30 mg) and peat-vermiculite (0.5 g) were digested in duplicate in 5 ml of a 10% (w/v) solution of K 2 Cr 2 O 7 in a mixture of concentrated H 2 SO 4 and H 3 PO 4 (3:2, v/v) at 160°C for 2 h. The 14 CO 2 evolved was trapped in 10 ml of 0.5 M NaOH. The 14 C was determined in 0.5 ml of NaOH by liquid scintillation counting (Tri-Carb 2100TR; Packard Instrument Company, Meriden, CT, USA) using 3 ml of Ultima Gold (Packard). The soda-lime containing the belowground respired 14 CO 2 was transferred to bottles (0.5 l) and dissolved in 50 ml excess 6 M HCl, injected through a septum in the lid. The 14 CO 2 evolved was captured in 10 ml of 5 M NaOH and analyzed by liquid scintillation counting as described.
Carbon and nitrogen concentrations and atom% 15 N of shoot and root samples were determined at the UC Davis Stable Isotope Facility using an automated elemental analyzer-continuous flow isotope ratio mass spectrometer (RoboPrepSample Converter interfaced with a TracerMass Stable Isotope Detector; Europa Scientific, Crewe, England).
Extraradical hyphal length in the peat-vermiculite mixture was determined with the gridline intersection method after fluorescent staining (Bloem and Vos 2004) . For each sample, 6 g of the homogenized substrate that contains hyphae, fine roots and 180 ml of dH 2 O were mixed in a blender for 1 min at maximum speed (20000 rev min −1 ). A 9 ml sample was collected, put in a plastic tube of 13 ml with screw cap, and fixed by adding 1 ml of 37% formaldehyde. The suspension was shaken for 10 sec and after 2 min of settling to remove coarse particles 12 μl of the suspension was evenly smeared in a hole (12 mm diameter) on a glass microscope slide and left to dry for 2 hrs at 50°C. Afterwards 50 μl of fluorescent brightener 28 (Sigma F3397, Sigma Chemical Co., St Louis, MD, USA) solution (1 mg ml −1 ) were added to the slides, and stained for 2 hrs in the dark at room temperature. The fluorescent brightener 28, which stains chitin in fungal cell walls, was used to determine hyphal length in the soil (substrate) samples. After staining the slides were rinsed 3 times for 20 min in dH 2 O, and finally air-dried overnight in the dark at room temperature. After air drying a coverslip was mounted with a small drop of immersion oil. The edges of the coverslip were sealed with nail varnish. Extraradical hyphal length was estimated under an epifluorescence microscope using the gridline intersection method over 100 randomly selected microscope fields at 400x magnification. Root samples from each treatment were carefully washed under tap water and kept in 50% ethanol, then cleared in 10% KOH by autoclaving for 20 min at 121°C, rinsed in dH 2 O, acidified in 2% HCl for 5 min, and then stained in 0.05% Trypan blue by autoclaving for 15 min (Peterson et al. 2004 ). For each seedling 15 root segments of approx. 2 cm in length were placed on microscope slides (5 root segments per slide) in several drops of lactoglycerol. A coverslip was placed over the root segments and pressed gently. From each slide, approx. 33 (100 intercepts per seedling) randomly selected root intercepts were examined for hyphae and microsclerotia in the cortex under a compound light microscope at 400x magnification. Fractional root colonization was calculated by dividing the number of intersections with septate hyphae in the cortex by the total number of root intersections.
Statistical analyses
The experiment consisted of a fungal treatment (seven species of DSE fungi and uninoculated), and CO 2 treatment (with 2 levels of 350 and 700µl CO 2 l −1 ) and six replicates, resulting in 96 seedlings (8×2×6 . We excluded two outliers of below-ground 14 C respired using the box plot method from the S. vaccinii and M. vraolstadiae treatments at ambient CO 2 . ANOVA followed by the least significant difference (LSD) method post hoc test was performed using PROC General Linear Model (GLM) procedure in SAS 9.0 for Windows. Considering the large number of parameters measured and calculated (19), a sequential Bonferroni correction was applied to the ANOVA results to keep P value constant at P<0.05. Pearson pairwise correlation coefficients were calculated and their significance determined in two-tailed tests as indicators of direction of relationship between plant and fungal parameters. All correlations (12 degrees of freedom) excluded the control.
Results
All seedlings remained alive and healthy, showing no symptoms of fungal disease during the experiment. Almost all parameters were significantly affected by DSE fungi and CO 2 level. Five of the parameters (extraradical hyphal length, below-ground 14 C respired, below-ground 14 C use efficiency, total shoot N concentration and total shoot N content) were affected by the interaction between DSE fungi and CO 2 ( Table 1 ). The complete data set is provided as Supplementary material (Table S2) .
Root colonization by DSE fungi and length of the extraradical mycelium All controls remained free of fungi. One strain of P. fortinii showed very high levels of colonization, with values over 50%. Colonization by the other DSE fungal strains was below 12% (Table S2) . Microsclerotia were not observed. Extraradical hyphal length varied between 26 and 166 mg −1 substrate. It was highest in Chloridium paucisporum and lowest in Cadophora finlandica and M. vraolstadiae (Fig. 1) . The length of the extraradical mycelium increased under elevated CO 2 , on average by 53%, but the difference was statistically significant only for M. variabilis. The interaction between DSE fungi and CO 2 was also significant for extraradical hyphal length (Table 1) . Fractional colonization and hyphal length were not correlated.
Plant biomass
Plant biomass was significantly affected by DSE fungi and CO 2 levels (Table 1 and Fig. 1 ). The most beneficial fungi as judged from plant biomass were S. vaccinii and M. vraolstadiae under elevated CO 2 (Fig. 1) . Under ambient CO 2 , plants inoculated with DSE fungi were on average 4% heavier than control plants and under elevated CO 2 , plants inoculated with DSE fungi were 17% heavier than control plants, but the difference was not statistically significant. Across all plants (DSE-inoculated and controls plants) under elevated CO 2 , shoot and root biomass increased significantly by 21% and 19% respectively, relative to ambient. Incorporation of 14 C showed the same trends, with higher values over the final four weeks (increase by 40% and 30% for shoots and roots respectively). The shoot-to-root ratio and 14 C in shoot-to-root ratio were not affected by CO 2 level (Table 1) . Plant biomass was neither correlated with levels of internal colonization nor extraradical hyphal length.
Below-ground respiration of 14 C accounted for 4-10% of the 14 C budget under ambient CO 2 and for 7-27% under elevated CO 2 . Below-ground respiration increased significantly under elevated CO 2 except in the control seedlings and in seedlings inoculated with M. vraolstadiae ( Fig. 2 and Below-ground CUE was significantly positively correlated with shoot N concentration and content (r=0.70 and 0.67 respectively; P<0.01).
Plant nitrogen uptake
Shoot N concentration was significantly different among DSE fungal treatments (Table 1) . Under ambient CO 2 , shoot N concentration was highest in plants inoculated with P. fortinii -MRA and S. vaccinii. Shoot N concentration ranged between 8.2 and 11.5 mg g −1 under ambient CO 2 and declined to 4.7 to 7.5 mg g −1 under elevated CO 2 ( Fig. 3 and Table S2 ). The decline in shoot N concentration was less in control plants than in plants inoculated with DSE fungi. The decline was largest in plants inoculated with S. vaccinii. On average, shoot N concentration was 57% lower under elevated CO 2 . The interaction between DSE fungi and CO 2 levels was also significant. Root N concentration was significantly affected by DSE fungi and CO 2 levels (Table 1) . Elevated CO 2 decreased root N concentration on average by 16%. It was lowest in the treatment with M. vraolstadiae and highest in the control (Fig. 3) . The decline in root N concentration under elevated CO 2 was much smaller than the decline in shoot N concentration. Shoot and root N concentration were not significantly correlated (r=0.27; P>0.05). Shoot and root N content, and total plant N uptake were not affected by DSE fungi (Table 1 ). In total 13.3 mg of mineral N was available for plant growth. Total N uptake ranged between 10.5 and 12.7 mg under ambient CO 2 , and between 8.3 and 11.8 mg under elevated CO 2 (Table S2 ). Total N uptake declined under elevated CO 2 by 12%. The decline was largest in plants inoculated with M. variabilis and M. vraolstadiae. Shoot N content declined by 32% under elevated CO 2 and was significant for seedlings inoculated with S. vaccinii, M. variabilis and M. vraolstadiae, whereas N content of roots did not change. Total N content was not significantly correlated with plant biomass, shoot or root dry weight. Likewise, shoot N content was not significantly correlated with plant biomass. Mycelium length was significantly negatively correlated with shoot N content (r=−0.70; P<0.01). Plant N uptake (assessed by 15 N over the final 27 days) was not affected by DSE fungi (Table 1 ). 
Discussion
The relationship between pine seedlings and DSE fungi Our study showed a neutral to weakly beneficial effect of DSE fungi in terms of plant carbon gain under ambient CO 2 with almost no differences between shoot and root biomass. DSE fungi had a larger positive effect on plant biomass under elevated CO 2 , but the difference was statistically significant only for S. vaccinii and M. vraolstadiae. Sieber and Grünig (2006) had already suggested that enhanced CO 2 could affect functioning of DSE fungi, although they also noted that nothing was known about the direction and magnitude of effects.
The results of studies between DSE fungi and their host plants show a large variation and the ecological roles of DSE fungi are still poorly understood. For P. fortinii, Jumpponen (2001) listed examples of negative, neutral and positive effects on plant performance. Jumpponen et al. (1998) noted that the effects of P. fortinii on the growth of Pinus contorta were neutral at low N supply but positive at higher N supply. Kernaghan et al. (2003) observed that P. fortinii was relatively common in nurseries with higher levels of applied N, but that several other DSE fungi including C. finlandica and S. vaccinii were more common in nurseries with lower levels of N application.
In order to compare our results with the literature we performed a meta-analysis (For details see Alberton et al. 2005 ) based on 11 studies (Fernando and Currah 1996; Cameron 1998; Jumpponen et al. 1998; Jumpponen and Trappe 1998b; Yu 2000; Hashimoto and Hyakumachi 2001; Schulz et al. 2002; Vohník et al. 2003 Vohník et al. , 2005 Wu and Guo 2008; Grelet et al. 2009 ). The meta-analysis showed for shoot biomass no significant effect (Response ratio R [inoculated/control]=1.05 (95% confidence interval of R=0.92-1.19; n=34), and a significant positive effect for root mass (R=1.30; 95% confidence interval of R = 1.05-1.61; n=16). The difference in response ratio between shoot and root weight was marginally significant (P=0.06). Our data support the conclusion that DSE fungi have little or no effect on shoot biomass, and suggest that under some conditions (possibly related to N availability) root biomass increases.
Fungal performance
All seven DSE fungal strains in this experiment colonized the roots of P. sylvestris seedlings. Phialocephala fortinii is considered the most important representative of the DSE fungi (Stoyke et al. 1992; Harney et al. 1997; Grünig et al. 2004; Peterson et al. 2008) . The species has been described as a coinhabitant of ECM roots (Summerbell 2005b) or an ECM fungus (Kaldorf et al. 2004) . Menkis et al. (2004) observed that the species is very plastic in its ecological behavior. The two strains of P. fortinii were very different in colonization of pine seedlings. It could be possible that differential behavior is due to the experimental conditions, especially as the second strain (P. fortinii -MRA) has already been in culture for almost 60 years. However, we cannot exclude the possibility that our two study strains belong to closely related cryptic species with divergent evolutionary histories.
Strains of M. vraolstadiae have been described as mycorrhizal and non-mycorrhizal (Hambleton and Sigler 2005) . Meliniomyces variabilis is also variable in its trophic habit, with some strains obtained from ECM and other strains from ericoid mycorrhizal and AM roots (Hambleton and Sigler 2005) . Cadophora finlandica forms both ECM and ericoid mycorrhizal associations (Hambleton and Sigler 2005) . Chloridium paucisporum is considered ectendomycorrhizal (Harney et al. 1997) . Scytalidium vaccinii, the anamorph of Rhizoscyphus ericae is known as the ericoid mycorrhizal fungus par excellence. However, Hambleton and Sigler (2005) mentioned an ECM isolate, while Piercey et al. (2002) reported that one strain of that fungus formed an intracellular association.
Despite the fact that this study is, to our knowledge, the most comprehensive study of various DSE species under elevated CO 2 , we cannot exclude the possibility that the life history strategy adopted by these fungi could depend on experimental conditions, or alternatively that there is no relationship between taxonomy and ecology.
Potential mechanisms for mutualistic behavior by DSE fungi
The DSE fungi usually form incomplete mantles that only partially cover the root, and very little of a Hartig net. On the other hand, Jumpponen (2001) claimed that DSE fungi possess intracellular (and possibly intercellular) interfaces. He therefore argued that DSE fungi are capable of forming mutualistic associations with plant roots that are functionally similar to mycorrhiza. Peterson et al. (2008) stated that DSE fungi lack a host-derived perifungal membrane and interfacial matrix material, both hallmarks for a biotrophic nutritional habit. Addy et al. (2005) and Mandyam and Jumpponen (2005) suggested alternative explanations for enhanced plant growth without a nutritional interface over which C and nutrients are exchanged. These include increased mineralization in the rhizosphere, improved nutrient uptake, enhanced pathogen resistance and the production of phytohormones (especially indole acetic acid (IAA) and auxins).
Ruotsalainen (2003) observed that a strain of DSE fungi did not colonize seedlings of Gnaphalium norvegicum while still resulting in benefits for the seedling, suggesting a saprotrophic role for DSE fungi. Based on our study a mechanism through saprotrophy only is unlikely. Increased hyphal length and, especially, increased below-ground respiration for six DSE fungal species (but not for control seedlings and seedlings inoculated with M. vraolstadiae) under elevated CO 2 indicate that the carbon fixed by the plant was rapidly available to the fungus.
Our study did not suggest a role for DSE fungi in increased nutrient uptake. Under elevated CO 2 DSE fungi even reduced N content of the pine seedlings. These data suggest increased competition for N between plant and fungus due to the fact that elevated CO 2 allowed the fungus to produce more biomass. However, only a small part of the additional C was incorporated in fungal biomass. The larger part of the additional carbon captured by the fungus was rapidly respired (Fig. 2) . Because below-ground respiration of 14 C doubled or trebled in 6 (of 7) DSE fungi, but not in the control, we ascribe this effect to fungal respiration. Heinemeyer et al. (2007) proposed a mechanism of a mycorrhizal fungal overflow CO 2 tap through which additional carbon is directly returned to the atmosphere. Gorissen and Kuyper (2000) had earlier described increased respiration for a N-limited ECM fungus, Laccaria bicolor.
If elevated CO 2 increases fungal immobilization of N, we would expect increased competition for N and decreased availability of N for the host plant, which constrains plant response to elevated CO 2 (Reich et al. 2006; Hobbie et al. 2007) . Surprisingly, even under reduced N availability elevated CO 2 led to increases in both above-ground and below-ground plant biomass.
Shoot N concentration ranged between 8.2 and 11.5 mg g −1 under ambient CO 2 and declined to 4.7 to 7.5 mg g −1 under elevated CO 2 . Especially these latter values are clearly below the deficiency limit of 10 mg g −1 as mentioned by Reuter et al. (1997) for pines. Data from northern Finland in Scots pine and Norway spruce (Picea abies) stands on very poor soils indicate that this degree of N limitation also occurs in natural systems (Helmisaari et al. 2007 ). The mechanisms underlying this higher N use efficiency through which growth increases were sustained, even under decreased N availability, merit further study. A potential mechanism for the increase of plant biomass even when plant nutrient uptake decreases is the production of phytohormones by DSE fungi. We did not measure the production of phytohormones, but earlier authors noted that DSE fungi enhance plant growth by producing phytohormones or inducing the host hormone production without any apparent facilitation of host nutrient uptake or stimulation of host nutrient metabolism (Addy et al. 2005; Schulz and Boyle 2005) . Rudawska et al. (1992) reported that DSE fungi are able to release IAA.
Behavioral differences and similarities between DSE and ECM fungi
In an earlier experiment, Alberton et al. (2007) described the impact of seven different ECM fungi on the growth performance of Scots pine seedlings under ambient and elevated CO 2 . Because the same experimental conditions were applied in that experiment, a comparison between both experiments provides likely explanations of behavioral differences and similarities between DSE and ECM fungi.
In the study with ECM fungi there was a very significant negative correlation between the amount of the extraradical mycelium and plant performance (Alberton et al. 2007 ). Direct competition for N between plant and fungus increased when elevated CO 2 decreased fungal C limitation, leading to ECM fungal-driven progressive nitrogen limitation (Luo et al. 2004; Hu et al. 2006) . With DSE fungi the situation was different. The amount of the extraradical mycelium was much smaller. Even though the fungi were also C-limited (as evidenced from a 53% increase in the length of the extraradical mycelium, an increase in root colonization, and a large increase in carbon that was respired under elevated CO 2 ), hyphal length was not negatively correlated with plant biomass. Because the decline in shoot N concentration resulted in downregulation of photosynthesis in the case of ECM fungi, but not in the case of DSE fungi, it is likely that different mechanisms regulate the interaction. Furthermore, the increased sink strength of the ECM fungi resulted in a significant increase in C and N allocation below-ground. In the case of seedlings inoculated with DSE fungi, elevated CO 2 resulted in significant higher N allocation, but not in increased C allocation to roots.
In the present study, the combination of increased fungal respiration and decline of shoot N content and concentration under elevated CO 2 suggests that the association is not strongly mutualistic, while the increase in plant biomass and 14 C assimilated suggest that mutualistic behavior is maintained. These observations confirm that it is difficult to position DSE fungi in the symbiotic continuum between beneficial and antagonistic (see reviews by Jumpponen and Trappe 1998a; Jumpponen 2001; Addy et al. 2005; Mandyam and Jumpponen 2005; Peterson et al. 2008; Schulz and Boyle 2005) . Because the cost -benefit ratio for the pine seedlings in association with ECM fungi was more negatively affected by ECM fungi under elevated CO 2 than DSE fungi, we hypothesize that the predicted increases in atmospheric CO 2 will benefit these DSE fungi.
